Abstract-This paper deals with the problem of a servo system design for a conventional hard disk drive with a single voice-coil-motor (VCM) actuator using a so-called robust and perfect tracking (RPT) approach. We will first model the physical system and then formulate it into a robust and perfect tracking problem, in which a measurement feedback controller can be obtained to achieve a robust and perfect tracking for any step reference, i.e., the -norm of the resulting tracking error with 1 can be made arbitrarily small in the presence of external disturbances and initial conditions. Some tradeoffs are then made in order for the RPT controller to be implementable using the existing hardware setup. The implementation results of the RPT controller are compared with those of a proportional integral derivative (PID) controller. The results show that the servo system with our RPT controller has much better performance than the PID one has. Our servo system has faster settling time, lower overshoot and higher accuracy.
I. INTRODUCTION

H
ARD disk drives provide important data-storage medium for computers and other data-processing systems. In most hard disk drives, rotating disks coated with a thin magnetic layer or recording medium are written with data, which are arranged in concentric circles or tracks. Data are read or written with a read/write (R/W) head, which consists of a small horseshoeshaped electromagnet. Fig. 1 shows a simple illustration of a typical hard disk servo system.
The two main functions of the R/W head positioning servo mechanism in disk drives are track seeking and track following. Track seeking moves the R/W head from the present track to a specified destination track in minimum time using a bounded control effort. Track following maintains the head as close as possible to the destination track center while information is being read from or written to the disk. Track density is the reciprocal of the track width. It is suggested that on a disk surface, tracks should be written as closely spaced as possible so that we can maximize the usage of the disk surface. This means an increase in the track density, which subsequently means a more stringent requirement on the allowable variations of the position of the heads from the true track center. The prevalent trend in hard disk design is toward smaller hard disks with increasingly larger capacities. This implies that the track width has to be smaller leading to lower error tolerance in the positioning of the head. The controller for track following has to achieve tighter regulation in the control of the servomechanism. Current hard disk drives use a combination of classical control techniques, such as lead-lag compensators, PI compensators, and notch filters. These classical methods can no longer meet the demand for hard disk drives of higher performance. So many control approaches have been tried, such as linear quadratic Gaussian (LQG) and/or LTR approach (see, e.g., [8] and [16] ), almost disturbance decoupling approach (see, e.g., [4] ), and adaptive control (see, e.g., [11] ) and so on. Although much work has been done to date, more studies need to be conducted to use more control methods to achieve better performance of the hard disk drives.
The purpose of this project is to use the newly developed robust and perfect tracking (RPT) control method in the hard disk drive servo system. This paper focuses on the modeling and control design of the voice coil motor (VCM) actuator for hard disk R/W heads. We will first obtain a model of the VCM actuator and then cast the overall servo system design into an RPT design framework. A first-order dynamic measurement feedback controller is then designed to achieve a robust and perfect tracking for any step reference. Our controller is theoretically capable of making the -norm of the resulting tracking error with arbitrarily small in faces of external disturbances and initial conditions. Some tradeoffs are then made in order for the RPT controller to be implementable using the existing hardware setup and to meet physical constraints such as sampling rates and the limit of control of the system. The implementation results of the RPT controller are compared with those of a PID controller. The results show that our servo system is simpler and yet has faster seeking times, lower overshoot and higher accuracy.
The outline of this paper is as follows: in the next section, we identify a fourth-order model for the VCM actuator of a typical hard disk drive. The model is obtained using a frequency response identification method. In Section III, we cast our servo design problem into a robust and perfect tracking control framework to obtain a family of first-order measurement feedback controllers. It is parameterized by a tuning parameter , which can be tuned such that the overall design meets desired design specifications. The experimental results of the RPT control system are given in Section IV with a detailed comparison with the results of a PID controller. Finally, the concluding remarks and comments are drawn in Section V.
II. MODELING OF THE VCM ACTUATOR
In this section, we present the modeling of the VCM actuator, which is well known in the research community of the hard disk drive servo systems to have a characteristic of a double integrator cast with some high frequency resonance, which can reduce the system stability if neglected. There are some bias forces in the hard disk drive system which will cause steady-state error in tracking performance. Moreover, there are also some nonlinearities in the system at low frequencies, which are primarily due to the pivot and bearing frictions. All these factors should be taken into consideration when considering the design of a controller for the VCM. For the purpose of developing a model, we have to compromise between accuracy and simplicity. In this section, a relatively simplified model of the VCM is identified and presented.
We utilize the frequency response identification method (see, e.g., [5] and [14] ) to model our actuator. Such a method is applicable to minimum phase processes. We expect from the properties of the physical system that the VCM actuator should be of minimum phase. Thus, the method of [5] can be employed to identify our VCM model.
The dynamics of an ideal VCM actuator can be formulated as a second-order state-space model as the following (see, e.g., [15] ), (1) where actuator input (in volts); and position (in tracks) and the velocity of the R/W head; position measurement gain; current-force conversion coefficient; mass of the VCM actuator;
Thus, the transfer function of an ideal VCM model appears to be a double integrator, i.e.,
However, if we consider also the high-frequency resonance modes, a more realistic model for the VCM actuator should be
Using the algorithm of [5] and the measured data from the actual system (see Fig. 2 ), we obtain a fourth-order model for the actuator (4) Fig. 2 shows that the frequency response of the identified model matches the measured data very well for the frequency range from 0-10 rad/s, which far exceeds the working range of the VCM actuator.
III. CONTROL SYSTEM DESIGN USING THE RPT APPROACH
We now present the servo system design for the actuator identified in the previous section. Basically, almost all commercially available hard disk drive servo systems up-to-date are designed using conventional PID approach. For drives with a single VCM actuator, designers would encounter problems if they wish to push up the tracking following speed. Usually, there will be some huge peak overshoot in step response. Thus, in practice, one would have to make tradeoffs between the track following speed and overshoot by selecting appropriate PID controller gains. We introduce in this section the so-called robust and perfect tracking (RPT) control technique. Such an approach will enable the designer to design a very low-order control law, and moreover, the resulting closed-loop system will have fast track following speed and low overshoot as well as strong robustness. For the benefits of general readers, we recall briefly the theory and design procedure of the RPT approach without detailed proofs.
We consider a general linear system with external disturbances described by the following state-space model : (5) where state variable of the system; control; external disturbance; measurement output; output to be controlled. For simplicity, we will only consider a step reference signal in this paper. Then the robust and perfect tracking (RPT) problem is to design a parameterized controller of the following form : (6) where is the state variable of the control law, such that the following properties hold.
1) The resulting closed-loop system comprising the system of (5) and the control law of (6) is internally stable for all , where is a positive scalar.
2) Let
. For any , , and any initial condition , the resulting tracking error satisfies as (
Obviously, is a function of . The above property implies that is capable of tracking with arbitrarily fast settling time in faces of external disturbances and initial conditions. It is shown in [10] In what follows, we will give an algorithm that constructs a reduced order measurement feedback control law to solve the RPT problem under the above necessary and sufficient conditions. Let . . .
where is the unit step function, and , , , are the magnitudes of the step functions. Thus, we have (9) where is a unit impulse function. Then, we obtain an auxiliary system , which combines the original system of (5) and the reference signal , as the following:
where (11) and (12)
It can be easily shown that the quadruple has the same infinite zero structure and the same stable invariant zeros as those of , and is right invertible as well but with additional invariant zeros at the origin. The construction algorithm involves two step main stages: In the first stage, we will construct a static state feedback law for of (10) which will solve the RPT problem for the case when , i.e., all the states of are available for measurement. Then, in the second stage, we design a reduced order measurement feedback control law that will recover the performance of the static state feedback law designed in the first stage. The following algorithm is due to [10] :
Stage 1: The following stage is to construct a parameterized state feedback gain such that will solve the RPT problem for the system of (5) with and , i.e., its corresponding auxiliary system of (10) can be rewritten as (15) Note that is right invertible and has invariable zeros at the origin.
Step S.F.1: Utilize the results of the special coordinate basis of [13] and [12] (see also [1] for the detailed proofs of its properties) to find nonsingular state, input, and output transformations , and to the system (15) such that if we let (16) we will have . . .
. . . . . . It is again straightforward to verify that is right invertible with no finite and infinite zeros. Moreover, is detectable if and only if is detectable. We also partition of (37) in conformity with and as follows:
Next, let be an appropriate dimensional constant matrix such that the eigenvalues of (45) are all in . This can be done because is detectable. Then, the reduced order measurement feedback law that solves the RPT problem is given by (6) with (46) where We note that there are software packages available (see, e.g., [2] and [9] ) to construct the special coordinate basis of linear systems and the above algorithm for realizing the RPT controllers. The following theorem is due to [10] .
Theorem 1: Consider the system of (5), which satisfies all the three conditions for the solvability of the RPT problem. Consider also the reference input being a vector of step functions. Then, the reduced order measurement feedback control law of the form (6) with its gain matrices being given as in (46) solves the RPT problem for with the reference . We now ready to move on the design of our proposed servo system. We will design a servo system that meets the following design specifications:
1) The control input should not exceed V due to physical constraints on the actual VCM actuator.
2) The overshoot and undershoot of the step response should be kept less than 5% as the R/W head can start to read or write within 5% of the target. 3) The 5% settling time in the step response should be less than 2 ms (to beat the PID controller). 4) Sampling frequency in implementing the actual controller is 4 kHz, which is the sampling frequency currently used in most commercial disk drives. From experience that we gained in designing PID controllers, we know that it is quite safe to ignore the resonance models of the VCM actuator if we are focusing on tracking performance. Thus, we will consider only a second-order model for the VCM actuator at this stage. We will then put the resonance modes back when we are to evaluate the performance of the overall design. Thus, we will use the following simplified model of the VCM actuator,
and (48) in our design. It is simple to verify that the above system satisfies the solvability conditions for the RPT problem. The correspond- ing auxiliary system in the format of (10) for the above plant can be expressed as Fig. 3 are obtained using a Matlab package. They clearly show that the RPT problem is solved as we tune the tuning parameter to be smaller and smaller. Unfortunately, due to the constraints of the physical system, i.e., the limits in control inputs and sampling rates, as well as resonance modes, it is impossible to implement a controller that will track the reference in zero time. We would thus have to make some compromises in the track following speed because of these limitations. After several trials, we found that the controller parameters of (50) with would give us a satisfactory performance. We then discretize it using a bilinear transformation with a sampling frequency of 4 kHz. Note that it was shown in Chen and Weller [3] that the bilinear transformation does not introduce additional nonminimum phase invariant zeros and it preserves the invertibility structure of the system. The discretized controller is given by Fig. 4 shows that the step response of the overall system comprising the fourth-order model of the VCM actuator (we now put the resonance modes back into the VCM actuator model) and the discretized RPT controller, meets the design specifications. In actual hard disk drive manufacturing, the resonant frequency of the VCM actuator for the same batch of drives might vary from one to the other [see (4) ]. A common practice in the disk drive industry is to add some notch filters in the servo system to attenuate these resonant peaks as much as possible. Surprisingly, our RPT controller is capable of withstanding the variation of resonance frequencies as well. Fig. 5 shows the step responses of the closed-loop systems of our RPT controller and the VCM model with two different resonant frequencies: one is 1.125 kHz, which is % of the nominal value, and the other is 2.25 kHz, which is % of the nominal resonant frequency. The results show that the RPT controller is very robust with respect to the change of resonant frequency in the actuator.
Results in
Although we do not consider the effects of run-out disturbances in our problem formulation, it turns out that our simple first order controller is capable of rejecting the first few modes of the run-out disturbances, which are mainly due to the imperfectness of the data tracks and the spindle motor speeds, and commonly have frequencies at the multiples of about 55 Hz. We simulate these run-out effects by injecting a sinusoidal signal into the measurement output, i.e., the new measurement output is the sum of the actuator output and the run-out disturbance. Fig. 6 shows the simulation result of the output response of the overall servo system comprising the fourth-order model of the VCM actuator model and the discretized RPT controller with a fictitious run-out disturbance injection and a zero reference . The result shows that the effects of such a disturbance to the overall response are minimal. A more comprehensive test on run-out disturbances, i.e., the position error signal (PES) test on the actual system will be presented in the next section.
IV. IMPLEMENTATION RESULTS
In this section, we present the actual implementation results of our design and their comparison with those of a PID controller. Two major tests are presented: one is the track following of the closed-loop systems and the other is the position error signal (PES) test, which is considered to be a major factor in design hard disk drive servo systems. Our controller was implemented on an open hard disk drive with a TMS320 digital signal Step response of the closed-loop system with the discretized RPT controller. Step responses of the closed-loop system with different resonant frequencies.
processor (DSP) and a sampling rate of 4 kHz. Closed-loop actuation tests were performed using a laser doppler vibrometer (LDV) to measure the R/W head position. The resolution used for LDV was m/V. This displacement output is then fed into the DSP, which would then generate the necessary control signal to the VCM actuator. A digital signal analyzer (DSA) was used to assist in obtaining the frequency response of the overall control system. It can inject a swept sinusoidal reference signal, then read the output displacement from the LDV and calculate the frequency Bode plot using this information. Altogether, two sets of experiment were performed, one using the RPT controller and the other using a PID controller reported in Goh [7] .
A. Track Following Test
The solid-line curve in Fig. 7 shows the experimental step response of the RPT controller. In this figure, the response of the RPT controller is shown together with that of a PID controller of Goh [7] as a comparison. Note that the actual response of the closed-loop system with the RPT controller is slightly faster and its overshoot is slightly larger (about 7%) compared to the simulation results given in the previous section. The 5% settling time is about 1.6 ms, which surely meets the design specifications. Fig. 8 shows the experimental closed-loop Bode plot. It shows that the system has a closed-loop bandwidth of about 500 Hz. At the roll-off frequency, there is no discernible resonance peak.
The dotted-line curve in Fig. 7 shows the step response of the PID controller of Goh [7] (again using a 4 kHz sampling rate). The PID controller had a usual structure and was tuned such that it could have fast time response. It is given by (51) Unfortunately, the overshoot of the controller is rather high, about 50% and this is a result of trading improved settling time at the expense of higher overshoot. To achieve a settling time of 4-5 ms, it is necessary to tune the PID controller such that the overshoot is significant. Fig. 9 shows the experimental closed-loop Bode plot of the PID controller. The closed-loop bandwidth of this servo system is also about 500 Hz, with a slight peak of about 7 dB at the roll-off frequency. This resonance peak would result in additional tracking errors close to the bandwidth frequency.
Remark 1: We believe that the shortcoming of the PID control is mainly due to its structure, i.e., it only feeds in the error signal, , instead of feeding in both and independently. On the other hand, the RPT control scheme can be regarded as a structure with two degrees of freedom, which feeds in both and . The PID control structure might be simple as most of researchers and engineers have claimed. However, our RPT controller is even simpler, i.e., the RPT controller is of the first order and the PID controller is of the second order. The main reason that the RPT control outperforms the PID is: In the RPT structure, all available information associated with the system is fully utilized, while in the PID control, only partial information is used.
Unfortunately, we could not compare our results with those of other methods mentioned in the introduction. Most of references we found in the literature contained only simulation results in this regard. Some of implementation results we found were, however, very different in nature. For example, Hanselmann and Engelke of [8] reported an implementation result of a disk drive servo system design using the LQG approach with a sampling frequency of 34 kHz. The overall step response of [8] with a higher order LQG controller and higher sampling frequency is worse than that of ours.
B. Position Error Signal Test
The disturbances in a real hard disk drive are usually considered as a lumped disturbance at the plant output, also known as run-outs. Repeatable run-outs (RROs) and nonrepeatable run-outs (NRROs) are the major sources of track following errors. RRO is caused by the rotation of the spindle motor and consists of frequencies that are multiples of the spindle frequency. NRRO can be perceived as coming from three main sources: vibration shocks, mechanical disturbance, and electrical noise. Static force due to flex cable bias, pivot-bearing friction and windage are all components of the vibration shock disturbance. Mechanical disturbances include spindle motor variations, disk flutter, and slider vibrations. Electrical noises include quantization errors, media noise, servo demodulator noise, and power amplifier noise. NRRO are usually random and unpredictable by nature, unlike RROs. They are also of a lower magnitude (see, e.g., [6] ). A perfect servo system of hard disk drives should reject both the RRO and NRRO. Step responses of closed-loop systems with RPT and PID controllers.
In our experiment, we have simplified the system somewhat by removing many sources of disturbances, especially that of the spinning magnetic disk. Therefore, we have to actually add the run-outs and other disturbances into the system manually. Based on previous experiments, we know that the run-outs in real disk drives is mainly composed of the RRO, which is basically sinusoidal with a frequency of about 55 Hz, equivalent to the spin rate of the spindle motor. By manually adding this "noise" to the output while keeping the reference signal to zero, we can then read off the subsequent position signal as the expected PES in the presence of run-outs. In disk drive applications, the variations of the R/W head from the center of track during track following, which can be directly read off as the position error signal (PES), is very important. Track following servo systems have to ensure that the PES is kept to a minimum. Having deviations that are above the tolerance of the disk drive would result in too many read or write errors, making the disk drive unusable. A suitable measure is the standard deviation of the readings, . A useful guideline is to make the value less than 5% of the track width, which is about m for a track density of 10-15 kTPI (kilo tracks per inch).
Figs. 10 and 11 show the tracking errors of robust and perfect tracking controller and PID controller, respectively, under the disturbance of the run-outs. The value is about m for the RPT controller, and about m for the PID controller. Again, the RPT controller does better than the PID one in the PES test.
V. CONCLUDING REMARKS A so-called robust and perfect tracking controller design for a hard disk drive servo system has been reported in this paper. The RPT controller has a much better performance in track following as well as in the PES tests compared to those of the PID controller as well as other controllers. The RPT controller has very minimal overshoot and undershoot and much faster settling time.
The RPT controller utilized is first order. This is one order lower in comparison with the PID controller and would allow for quicker execution of the DSP codes during implementation. This would be an important consideration when the sampling rate of the disk drive servo is pushed higher to meet the increasing demands on the servo performance. The current results can be further improved if we used a better VCM actuator and arm assembly, with a higher resonance frequency. The control input limit has not been reached and theoretically, we should be able to tune the controller to achieve even faster settling time and higher servo bandwidth. This will be a subject of our future work.
